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Abstract  44 

While effective in treating abdominal pain, opioids have significant side effects. Recent 45 

legalization of cannabis will likely promote use of cannabinoids as an adjunct or 46 

alternative to opioids, despite a lack of evidence. We aimed to investigate if 47 

cannabinoids inhibit mouse colonic nociception, alone or in combination with opioids at 48 

low doses. Experiments were performed on C57BL/6 male and female mice. Visceral 49 

nociception was evaluated by measuring visceromotor responses (VMR), afferent nerve 50 

mechanosensitivity in flat-sheet colon preparations, and excitability of isolated dorsal 51 

root ganglion (DRG) neurons. Blood oxygen saturation, locomotion and defecation 52 

were measured to evaluate side effects.  An agonist of cannabinoid 1 receptor (CB1R), 53 

arachidonyl-2'-chloroethylamide (ACEA), dose-dependently decreased VMR. ACEA 54 

and HU-210 (another CB1R agonist) also attenuated colonic afferent nerve 55 

mechanosensitivity. Additionally, HU-210 concentration-dependently decreased DRG 56 

neuron excitability, which was reversed by the CB1R antagonist AM-251. Conversely, 57 

cannabinoid 2 receptor (CB2R) agonists did not attenuate VMR, afferent nerve 58 

mechanosensitivity or DRG neuron excitability. Combination of sub-analgesic doses of 59 

CB1R and µ-opioid receptor (MOR) agonists decreased VMR; importantly, this 60 

analgesic effect was preserved after 6 days of twice daily treatment. This combination 61 

also attenuated afferent nerve mechanosensitivity and DRG neuron excitability, which 62 

was inhibited by neuronal nitric oxide synthase (nNOS) and guanylate cyclase inhibitors. 63 

This combination avoided side effects (decreased oxygen saturation and colonic transit) 64 

caused by analgesic dose of morphine. Activation of CB1R, but not CB2R, decreased 65 

colonic nociception both alone and in synergy with MOR. Thus, CB1R agonists may 66 

enable opioid dose reduction and avoid opioid-related side effects.  67 
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Significance statement: 68 

One of the most cited needs for patients with abdominal pain are safe and effective 69 

treatment options. The effectiveness of opioids in the management of abdominal pain is 70 

undermined by severe adverse side effects. Therefore, strategies to replace opioids or 71 

reduce the doses of opioids to suppress abdominal pain is needed. This study in mice 72 

demonstrates that cannabinoid 1 receptor (CB1R) agonists inhibit visceral sensation. 73 

Furthermore, a combination of sub-analgesic doses of µ-opioid receptor agonist and 74 

CB1R agonist markedly reduce abdominal pain without causing the side effects of high 75 

dose opioids.  Thus, CB1R agonists, alone or in combination with low-dose opioids, 76 

may be a novel and safe treatment strategy for abdominal pain.  77 

 78 

 79 

  80 
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Introduction 81 

Visceral pain is a debilitating symptom associated with a variety of gastrointestinal (GI) 82 

disorders. The consultation prevalence for abdominal pain in primary care is 2.8%, and 83 

in about one-third of these patients the cause cannot be specified(Viniol et al., 2014). 84 

Currently, opioids are the mainstay for treating severe pain, despite many adverse side 85 

effects(Elikkottil et al., 2009). Moreover, the opioid epidemic has become a global 86 

health crisis(Wiese and Wilson-Poe, 2018). The estimated overdose deaths from opioids 87 

in the USA was 75,673 in the 12-month period ending in April 2021 (US National 88 

Center for Health Statistics, https://www.cdc.gov/nchs/pressroom/nchs_press_releases), 89 

and there was a 95% increase in opioid toxicity deaths in Canada in 2021 compared to 90 

the year prior (Public Health Agency of Canada, https://health-91 

infobase.canada.ca/substance-related-harms/opioids-stimulants/). This highlights the 92 

need for developing new treatments for visceral pain. While the analgesic actions of 93 

cannabinoids have been reported for centuries(Elikkottil et al., 2009), the recent 94 

legalization of cannabis in many countries will likely promote cannabinoid use. 95 

However, there are few mechanistic studies to support their use to treat visceral pain, 96 

either alone or in combination with opioids.  97 

 98 

The actions of cannabinoids are largely mediated by two subtypes of cannabinoid 99 

receptors. Cannabinoid 1 receptors (CB1Rs) are widely distributed in many cell types in 100 

the GI tract including enteric neurons, extrinsic vagal and spinal primary afferent nerves 101 

and enteroendocrine cells, whereas cannabinoid 2 receptors (CB2Rs) are mainly 102 

expressed by immune cells(Sharkey and Wiley, 2016). The U.S. Food and Drug 103 
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Administration has approved one cannabis-derived cannabinoid (cannabidiol) for 104 

treatment of seizures and three synthetic cannabinoids for nausea and anorexia. 105 

Although studies have suggested analgesic effects of cannabinoids in both somatic pain 106 

models(Clayton et al., 2002; Liang et al., 2007) and in visceral sensation models(Sanson 107 

et al., 2006; Brusberg et al., 2009; Hong et al., 2009), the use of nonselective agonists 108 

and use of in vivo techniques leaves a critical knowledge gap regarding whether the 109 

analgesic effect of cannabinoids involves activation of CB1R and/or CB2R on afferent 110 

nerves innervating the GI tract. 111 

 112 

The synergy of cannabinoids and opioids has been reported in somatic pain models. For 113 

example, co-application potentiates their analgesic effects compared to either drug alone 114 

(Reche et al., 1996; Smith et al., 1998; Cichewicz et al., 1999; Chen et al., 2019). 115 

However, a recent systematic review examining 92 preclinical and clinical studies on 116 

opioid sparing effects of cannabinoids reveals inconsistent outcomes(Nielsen et al., 117 

2022). Moreover, the majority of these studies investigated somatic pain and there is 118 

little known whether this synergy influences visceral pain signaling and if so, what 119 

underlying molecular mechanisms are involved. A number of mechanisms have been 120 

proposed, including convergence in their common intracellular signaling 121 

pathways(Shapira et al., 1998; Maguire and France, 2014), or involvement of 122 

endogenous cannabinoids and opioids(Pacheco et al., 2009). Additionally, both opioids 123 

and cannabinoids can inhibit nociception via nitric oxide (NO) signaling(Reis et al., 124 

2009; Hervera et al., 2011), which may also be a mechanism of synergy. Studies have 125 

revealed that anandamide stimulates NO release from immunocytes, microglia and 126 

macrophages via activation of CB1R(Stefano et al., 1996), while morphine stimulates 127 
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NO release from endothelial cells by activating MOR(Stefano et al., 1995). Since NO 128 

plays an inhibitory modulatory role in primary sensory afferent nerves of the GI 129 

tract(Page et al., 2009; Yu et al., 2019a), release of NO upon activation of both 130 

cannabinoid and opioid receptors may potentiate the inhibitory actions on nociceptive 131 

nerves.   132 

 133 

This study aimed to determine if CB1R or CB2R agonists alone reduce visceral pain 134 

signaling in peripheral intestinal nerves. We also investigated whether cannabinoid and 135 

opioid receptor agonists have a synergistic action on these nerves but with reduced side 136 

effects compared to higher doses of either agonist alone. Additionally, the role for NO 137 

signaling was examined as a first step towards understanding the mechanisms of this 138 

interaction.   139 
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Materials and methods 140 

All authors had access to the study data and reviewed and approved the final manuscript. 141 

 142 

Animals and ethical approval 143 

All experiments were approved by Queen’s University Animal Care Committee, in 144 

accordance with the guideline of the Canadian Council for Animal Care. Male and 145 

female C57BL/6 mice (body weight 20-25 gm, 8-10 weeks old) were purchased from 146 

Charles River Laboratories (Senneville, QC, Canada). They were housed individually 147 

under a standard light-dark cycle (lights on: 7 am, lights off: 7 pm) with free access to 148 

food (Lab Diet, 5015, St. Louis, MO, USA) and water. Mice were given one week to 149 

acclimate the new housing prior to any procedures. Mice were euthanized by isoflurane 150 

inhalation followed by cervical dislocation. 151 

 152 

Visceromotor responses to colorectal distention  153 

Mice were implanted with a PhysioTel ETA-F10 telemetric transmitter (Data Science 154 

International, St. Paul, MN, USA) to measure electromyographic (EMG) activity in 155 

response to colorectal distention (CRD) (Mondelaers et al., 2016). Mice were 156 

anesthetized via isoflurane inhalation (1.5 – 2.5% isoflurane; oxygen flow: 1 L/min), 157 

placed on a heating pad, and given bupivacaine (2 mg/kg intradermally) and tramadol 158 

(20 mg/kg subcutaneously) prior to surgery as an analgesic. The telemetric transmitter 159 

was inserted within the abdominal cavity, with the non-insulated tips of the electrodes 160 

sutured onto the external oblique muscle (~5-10 mm apart). Mice were allowed to 161 

recover for 10 days, and tramadol (20 mg/kg) was given subcutaneously daily for three 162 

days as a post-operative analgesic. Following recovery, mice were acclimatized in a 163 
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restrainer (Kent Scientific, Torington, CT, USA) for 30 minutes daily for two days prior 164 

to VMR recording. On the day of recording, mice were lightly anesthetized with 165 

isoflurane, placed in a restrainer, and a 4F arterial embolectomy catheter (Fogerty 166 

120804FF, Edwards Lifesciences, Mississauga, ON, Canada) was inserted into the 167 

colorectum approximately 0.5 cm from the anus and secured to the tail with tape. Mice 168 

were allowed to recover from anesthesia for 20 minutes before the catheter was 169 

distended with volumes of 20-80 µL (in 20 µL increments) in duplicate, with each 170 

distention lasting 10 seconds and a 3-minute rest period in between. VMR was 171 

measured 20 minutes(Sanson et al., 2006) after intraperitoneal (i.p.) injection of vehicle 172 

(3% methyl acetate or 7% DMSO in sterile saline), ACEA (0.3, 1, 3 mg/kg(Izzo et al., 173 

2003)), HU-308 (0.3, 1, 3 mg/kg(Ofek et al., 2006)), morphine (0.3, 3 mg/kg(Ingram et 174 

al., 2007)) or a mixture of ACEA and morphine (0.3 mg/kg of each). Each group of 175 

experiments (the same drug at different doses) was performed on the same group of 176 

mice with one treatment per day. For chronic treatment with ACEA-morphine mix (0.3 177 

mg/kg each), mice received i.p. injections twice daily for 6 days. VMR in response to 178 

80 µL distention was measured 30 min after the first injection of the mix on day 1, 3 179 

and 6, and normalized to the vehicle response on the same day. VMR was analyzed as 180 

the mean EMG activity during distention (10 seconds) subtracted by the mean value of 181 

the basal activity using the Ponemah v6.5 software (Data Science International). Results 182 

were presented as %VMR relative to the maximal VMR following vehicle injection for 183 

a given mouse. 184 

 185 

Perforated patch clamp recording 186 
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Dorsal root ganglion (DRG, T13-L2) neurons were dissociated as previously 187 

described(Sessenwein et al., 2017). Following overnight culture, coverslips containing 188 

isolated neurons were placed in a recording chamber on an inverted microscope and 189 

superfused with external solution containing (in mM): NaCl 140, KCl 5, MgCl2 1, 190 

CaCl2 2, HEPES 10 and glucose 10, pH 7.4 with NaOH. Only small-diameter DRG 191 

neurons (≤30 pF) were selected, as they are putative nociceptors(Yu et al., 2019b). 192 

Patch electrodes were pulled from premium custom 8520 patch glass (Warner 193 

Instruments) and filled with an internal solution containing (in mM): K-gluconate 110, 194 

KCl 30, MgCl2 1, CaCl2 2, HEPES 10, pH 7.25 with KOH. Amphotericin B (240 µg/ml) 195 

was added to the pipette solution. Neuronal excitability was assessed by determining 196 

rheobase, the minimum amount of current required to elicit an action potential. Neurons 197 

were incubated with CB1R, CB2R, MOR agonists or a combination for 30 min at 37°C 198 

prior to making a recording (no agonist was present during the recording). Neurons 199 

were also incubated in corresponding vehicle controls (3.8% methanol for HU-210, 0.1% 200 

DMSO for HU-308, 0.03% methyl acetate for JWH-133). All antagonists or inhibitors 201 

were applied 15 min prior to the addition of the agonists. 202 

 203 

Retrograde labelling 204 

To enable identification of colon projecting DRG neurons, surgeries were performed in 205 

a subset of mice to allow injection of a retrograde neuronal tracer Fast Blue (17740-1, 206 

Polysciences, Inc., Warrington, PA, USA). Mice were anesthetized, prepared for 207 

surgery, and received post-surgery care as described above. The colon was carefully 208 

exposed, and Fast Blue (1.7% wt/vol in sterile water) was injected in small volumes (1-209 
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2 µL) into multiple sites on the colon wall. Mice were sacrificed 7-14 days after surgery 210 

(10-13 weeks old) and DRG (T10-L2) were acutely dissociated for patch clamp 211 

recordings. 212 

 213 

Extracellular afferent nerve recording 214 

Afferent nerve activity of the lumbar splanchnic nerve innervating the isolated distal 215 

colon was recorded as previously described(Yu et al., 2019b). The distal colon 216 

(approximately 3 cm) with attached inferior mesenteric artery was collected and placed 217 

in an organ bath continuously superfused with gassed (5% CO2 and 95% O2) Krebs 218 

buffer (composition, in mM: NaCl, 118.4; NaHCO3, 24.9; MgSO4, 1.2; KH2PO4, 1.2; 219 

glucose, 11.7; CaCl2, 1.9) at 34°C. The colon was cut open along the mesentery border 220 

and pinned flat. The lumbar splanchnic nerves were isolated proximal to the inferior 221 

mesenteric ganglion and drawn into a glass suction electrode attached to a Neurolog 222 

headstage (NL100, Digitimer). Afferent nerve signals were amplified (NL104), filtered 223 

(NL125 band pass filter) and recorded on a computer via a Micro 1401 interface and 224 

Spike 2 software (Version 7, Cambridge Electronic Design, Cambridge, UK). Krebs 225 

buffer contained the L-type calcium channel blocker nifedipine (3 µM) and the 226 

muscarinic acetylcholine receptor antagonist atropine (5 µM) to suppress smooth 227 

muscle activity, as well as the cyclooxygenase inhibitor indomethacin (3 µM) to 228 

suppress potential inhibitory actions of endogenous prostaglandins(Yu et al., 2019b). 229 

Receptive fields were identified by systematically stroking the mucosal surface and 230 

mesenteric attachment of the colon with a fine brush. Once identified, receptive fields 231 

were tested with 3 distinct mechanical stimuli to allow classification: probing (1g von 232 

Frey filament, Remington Medical, Markham, ON, Canada), mucosal stroking (0.4g) 233 
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and circular stretch (assessed by lightly pulling on the colonic tissue with forceps). Only 234 

vascular afferent nerves (i.e. those that only respond to probing of the gut wall or the 235 

mesenteric attachment)(Brookes et al., 2013) were included. After a 30-minute 236 

equilibration period, mechanosensitivity was evaluated by probing of the receptive field 237 

using a von Frey filament (1g for 3-seconds, a total of 3 probes separated by 10 second 238 

intervals). Afferent nerve responses to probing were re-evaluated after 15 min 239 

superfusion of cannabinoid and/or opioid receptor agonists as well as 15 min and 30 240 

min after washout. Single unit analysis was performed offline to discriminate individual 241 

afferent nerve activity. Each probing response was calculated as the mean firing 242 

frequency over a 3 second period using a custom-made script. Average of 3 repeated 243 

probing responses was used for comparisons.  244 

 245 

Pulse oximetry and heart rate test 246 

Mice were lightly anesthetized with isoflurane (1.5%) on a heating blanket. A pulse 247 

oximeter and heart rate monitor with a paw sensor (MouseSTAT Jr., Kent Scientific, 248 

Torrington, CT, USA) was used to measure oxygen saturation (SpO2) and heart rate 249 

(HR). After a 10 min baseline recording, mice were randomized to receive one of the 250 

three treatments (i.p.): morphine (3 mg/kg), ACEA (3 mg/kg) or morphine plus ACEA 251 

(both 0.3 mg/kg). Measurements were collected every 5 min until 50 min after injection. 252 

The same group of mice received all three treatments (one treatment at the same time of 253 

each day) in random order. 254 

 255 

Open field test and pelleting test 256 
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These two tests were performed simultaneously. Mice were randomized to receive one 257 

of the four treatments (i.p.): vehicle (3% methyl acetate), morphine (3 mg/kg), ACEA (3 258 

mg/kg) or morphine plus ACEA (both 0.3 mg/kg). Fecal pellets were counted for 90 259 

minutes after injection. Thirty minutes after injection, locomotion was recorded for 10 260 

minutes in an open top box (45x45 cm) and processed using the Smart Video Tracking 261 

System V3.0 (Panlab) software. The same group of mice received all treatments (one 262 

treatment at the same time each day) in random order. 263 

 264 

Drugs and compounds 265 

ACEA (91054, 10 mg/mL in methyl acetate), AM-251 (71670, dissolved in DMSO to 1 266 

mM stock), JWH-133 (10005428, 10 mg/mL in methyl acetate), Nω-propyl-L-Arginine 267 

(NPL, 80587, dissolved in 1:10 mix of ethanol and DMSO to 1 mM stock), L-NIL 268 

(80310, dissolved in distilled water to 10 mM stock), ODQ (81410, dissolved in DMSO 269 

to 10 mM stock) were purchased from Cayman Chemical. HU-210 (H673500, 0.1 270 

mg/mL in methanol) was obtained from Toronto Research Chemical. HU-308 (3088, 271 

dissolved in DMSO to 10 mM stock) was from Tocris Bioscience. Morphine sulfate 272 

injection USP (5530) was from Sandoz Canada. DAMGO (E7384, dissolved in distilled 273 

water to 5 mM stock) was from Millipore-Sigma. All stock solution was kept frozen at -274 

20°C, as per suppliers’ specifications, and diluted to their final concentration prior to 275 

application. Choice of different combinations of CB1R and MOR agonists in in vitro 276 

and in vivo experiments was made based on legal restrictions (drug availability), solvent 277 

toxicity (methanol for HU-210), agonist specificity, potency, and clinical relevance.  278 

 279 

Data analysis and statistics 280 
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All data were expressed as means±SEM unless otherwise stated. Significant differences 281 

were determined by Student’s t-test (two-tailed) and/or one or two-way ANOVA with 282 

Bonferroni test as appropriate using GraphPad Prism 9. Normality was checked with 283 

D’Agostino & Pearson test. When a normality test failed, the Kruskal-Wallis test was 284 

used. N refers to number of animals, and n indicates number of cells or afferent units. 285 

P<0.05 was considered significant. Significance indicator was defined as: *P<0.05, 286 

**P<0.01, ***P<0.001, ****P<0.0001. P-values of the post-hoc multiple comparisons 287 

(if applicable) are listed in figure captions. Experiments and analysis were not 288 

performed blindly.  289 
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Results 290 

CB1R activation decreased colonic nociceptive signaling in healthy mice 291 

To examine the analgesic effect of CB1R activation on visceral pain in vivo, a highly 292 

specific CB1R agonist ACEA(Hillard et al., 1999) was injected intraperitoneally into 293 

conscious mice 20 min prior to assessment of the VMR to CRD. ACEA dose-294 

dependently decreased VMR (Fig. 1A&B, F(3, 18) = 14.55, P<0.0001, two-way RM 295 

ANOVA with Bonferroni test, N=7 mice) with significant differences at 80 µL 296 

distention at 1 mg/kg (P=0.0068) and 3 mg/kg (P<0.0001). In ex vivo extracellular 297 

recordings, superfusion of ACEA (1 µM and 10 µM) significantly reduced afferent 298 

nerve mechanosensitivity compared to superfusion of vehicle (Fig. 1D, 1 µM: F(3, 24) 299 

= 3.317, P = 0.0369, n = 9 units, N =5 mice; 10 µM: F(3, 21) = 5.972, P = 0.0041, n = 8 300 

units, N = 5 mice, respectively, one-way RM ANOVA with Bonferroni test for both). A 301 

lower concentration of ACEA (100 nM) had no effect on mechanosensitivity (F(3, 18) = 302 

0.2470, P = 0.8624, n = 7 units, N = 5 mice, one-way RM ANOVA). Superfusion of 303 

another CB1R agonist HU-210 (1 μM), caused significant inhibition of 304 

mechanosensitivity compared to vehicle (Fig. 1E, F(3, 24) = 4.799, P = 0.0093, one-305 

way RM ANOVA with Bonferroni test, n=10 units, N = 6 mice); lower concentrations 306 

(10 nM and 100 nM) had no effect (F(3, 30) = 0.1908, P = 0.9018, n = 11 units, N = 5 307 

mice; F(3, 28) = 1.865, P = 0.1584, n = 10 units, N = 7 mice, respectively, one-way RM 308 

ANOVA). In agreement with the afferent nerve recordings, HU-210 concentration-309 

dependently decreased the excitability of DRG neurons (Fig. 1F&G, F(3, 45) = 4.584, P 310 

= 0.0070, n = 10-15 neurons, N = 6 mice, one-way ANOVA with Bonferroni test), with 311 

a significantly increased rheobase observed after a 30 min incubation with HU-210 1 312 
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µM (P = 0.0440) and 10 µM (P = 0.0047). This inhibitory effect of HU-210 (10 µM) 313 

was blocked by a specific CB1R antagonist, AM-251 (1µM) (Trang et al., 2007) (Fig. 314 

1H, F(2, 33) = 6.801, P = 0.0034, one-way ANOVA with Bonferroni test, n = 11-13 315 

neurons, N = 5 mice). 316 

 317 

CB2R activation did not decrease colonic nociceptive signaling  318 

In contrast to the CB1R agonist, the CB2R agonist HU-308 did not reduce VMR to 319 

CRD (Fig. 2A, F(3, 21) = 1.255, P=0.3151, two-way ANOVA, N=8), with 3 mg/kg 320 

HU-308 having a tendency to increase VMR. Superfusion of the CB2R agonist HU-308 321 

(1 µM and 10 µM) did not alter colonic afferent nerve mechanosensitivity compared to 322 

vehicle (Fig. 2B). This effect was mirrored by another specific CB2R agonist, JWH-323 

133(Huffman et al., 1999), where 1 µM and 10 µM concentrations had no effect on 324 

colonic afferent nerve mechanosensitivity compared to vehicle (Fig. 2C). In patch 325 

clamp recordings, neither HU-308, nor JWH-133, attenuated DRG neuron excitability; a 326 

higher concentration of HU-308 (10 µM) increased DRG neuron excitability (Fig. 2D, 327 

F(3, 38) = 5.941, P = 0.0020, one-way ANOVA with Bonferroni test, n = 10-11 neurons, 328 

N = 5 mice). JWH-133 had no significant effect on rheobase (Fig. 2E, F(3, 40) = 0.7058, 329 

P=0.5542, one-way ANOVA with Bonferroni test, n = 10-13 neurons, N = 5 mice). 330 

Taken together, CB2R agonists did not have an analgesic effect on colonic nociceptive 331 

signaling. 332 

 333 
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Combination of sub-analgesic doses of CB1R and MOR agonists inhibited colonic 334 

nociceptive signaling    335 

The next series of experiments examined whether combining a CB1R agonist with a 336 

MOR agonist at sub-analgesic doses (i.e., a dose of the individual agonist does not 337 

inhibit VMR), could reduce visceral pain. First, we examined the effects of morphine 338 

alone on visceral pain by performing VMR recording 20 minutes after injection of 339 

vehicle or morphine. Morphine (0.3 mg/kg) did not reduce VMR compared to vehicle, 340 

while a higher dose (3 mg/kg) attenuated VMR at both 60 µL (P=0.0014) and 80 µL 341 

(P<0.0001) distention (Fig. 3A, F(2, 8) = 12.03, P=0.0039, two-way RM ANOVA with 342 

Bonferroni test, N = 5 mice). We then examined the effect of simultaneously 343 

administering a combination of the sub-analgesic dose of ACEA (0.3 mg/kg, Fig. 1B) 344 

with the sub-analgesic dose of morphine (0.3 mg/kg) (“ACEA-morphine mix”) on 345 

VMR. Interestingly, the ACEA-morphine mix significantly reduced VMR to CRD 346 

compared to vehicle (Fig. 3B, F(1, 7) = 68.06, P<0.0001, two-way RM ANOVA with 347 

Bonferroni test, N = 8 mice). To examine if chronic treatment with a twice daily 348 

injection of this mixture resulted in tolerance, mice received the ACEA-morphine mix 349 

twice daily for 6 days. VMR was measured 30 min after the first injection on day 1, 3 350 

and 6. The inhibitory effect of the ACEA-morphine mix on VMR was not changed over 351 

this time course (Fig. 3C, F(2, 8) = 0.4277, P=0.6661, one-way RM ANOVA with 352 

Bonferroni test, N = 5 mice). We then investigated whether the mixture of sub-analgesic 353 

concentrations of CB1R and MOR agonists reduced nociceptive signaling at the level of 354 

colonic afferent nerves. In ex vivo afferent nerve recordings, superfusion of HU-210 355 

(100 nM) or the MOR agonist DAMGO (1 nM) alone in the same recording had no 356 
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effect. However, when both agonists were superfused together, there was a significant 357 

reduction in mechanosensitivity (Fig. 3D, F(4, 36) = 6.046, P=0.0008, one-way RM 358 

ANOVA with Bonferroni test, n=10 units, N=8 mice). Similarly, a combination of sub-359 

analgesic concentrations of the two agonists also reduced DRG neuronal excitability. 360 

While incubation with HU-210 (100 nM) or DAMGO (1 nM) alone had no effect on 361 

DRG neuron excitability (P>0.9999), a combination of HU-210 and DAMGO, both at 362 

sub-analgesic concentrations, significantly decreased DRG neuron excitability (Fig. 3E, 363 

F(3, 39) = 3.629, P=0.0211, one-way ANOVA with Bonferroni test, n=10-11 neurons, 364 

N = 8 mice). Furthermore, while incubation with DAMGO alone at a higher 365 

concentration (100 nM) significantly decreased excitability of DRG neurons 366 

(116.4±12.6 vs. 70.9±9.4 pA, P=0.0334), we did not observe a greater reduction when 367 

combining it with a sub-analgesic concentration of HU-210 (100 nM) (116.4±12.6 vs. 368 

122.0±13.2 pA, P>0.9999), suggesting that this synergistic effect may have reached a 369 

ceiling. Collectively, these data suggest that a combination of sub-analgesic doses of 370 

CB1R and MOR agonists reduces visceral pain at the level of nociceptive nerves in the 371 

GI tract. 372 

 373 

To enhance the impact of this study, we verified some of the key findings on colon 374 

preparations and colon projecting DRG neurons from female mice.  In afferent nerve 375 

recordings, superfusion of ACEA (100 nM) or DAMGO (1 nM) alone had no effect. 376 

However, when both agonists were superfused together, there was a significant 377 

reduction in mechanosensitivity (Fig. 3F, F(4, 41) = 11.31. P<0.0001, one-way 378 

ANOVA with Bonferroni test, n=16 units, N=8 mice). In patch clamp recordings from 379 
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retrogradely labeled colon projecting DRG neurons, 10 µM HU-210 significantly 380 

decreased neuron excitability (111.7±14.1 vs. 56.7±5.8 pA, P<0.01, one-way ANOVA 381 

with Bonferroni test, n=12 neurons, N=8 mice). While neither 100nM HU-210 382 

(P>0.9999, n=12), nor 1 nM DAMGO alone (P=0.2378, n=12 neurons, N=8 mice) 383 

significantly changed the rheobase, combining them significantly decreased DRG 384 

neuron excitability (Fig. 3G, F(3, 45) = 5.995, P=0.0016, one-way ANOVA with 385 

Bonferroni test, n=13 neurons, N=8 mice). Collectively, these data are consistent with 386 

our observations on colon afferent nerves and non-labeled DRG neurons from male 387 

mice, suggesting that the synergistic effects of CB1R and MOR agonists on visceral 388 

pain signaling is present in both sexes. 389 

 390 

In contrast to the combination of CB1R and MOR agonists, co-application of the CB2R 391 

agonist HU-308 (1 µM) and DAMGO (1 nM) had no effect on colonic 392 

mechanosensitivity (Fig. 4A, F(3, 15) = 0.4751, P=0.7043, one-way RM ANOVA, n=6 393 

units, N=5 mice) or on DRG neuron excitability (Fig. 4B, F(2, 29) = 0.9201, P=0.4098, 394 

one-way ANOVA with Bonferroni test, n=10-12 neurons, N=5 mice). Similarly, 395 

superfusion of a combination of JWH-133 (1 µM) and DAMGO (1 nM) had no effect 396 

on colonic mechanosensitivity (Fig. 4C, F(3, 24) = 0.6472, P=0.5923, one-way RM 397 

ANOVA with Bonferroni test, n=9 units, N=6 mice) or DRG neuron excitability (Fig. 398 

4D, F(2, 33) = 0.1723, P=0.8424, one-way ANOVA with Bonferroni test, n=11-13 399 

neurons, N=5 mice). 400 

 401 
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Role of NO in the inhibition of nociceptive signaling by sub-analgesic 402 

concentrations of CB1R and MOR agonists in combination 403 

In somatic pain models, combining cannabinoids and opioids reduced pain(Reche et al., 404 

1996; Smith et al., 1998; Cichewicz et al., 1999), but the mechanism of this synergy is 405 

unknown. Given that we found approximately 80% of colonic afferent nerves were 406 

inhibited (>20% inhibition) by the combination of CB1R and MOR agonists at sub-407 

analgesic concentrations, while only 30-40% of DRG neurons express CB1R 408 

immunoreactivity(Binzen et al., 2006; Veress et al., 2013), we hypothesized that this 409 

synergy may also involve release of a mediator that inhibits neuronal activity. Therefore, 410 

we examined the role of NO as both cannabinoids and opioids can signal via 411 

NO(Stefano et al., 1995; Stefano et al., 1996; Reis et al., 2009; Hervera et al., 2011). 412 

While ODQ (10 µM), a selective inhibitor of NO-sensitive guanylyl cyclase, alone did 413 

not change the excitability of DRG neurons, it inhibited the synergistic effect of mix of 414 

HU-210 (100 nM) and DAMGO (1 nM) (Fig. 5A, H(3)= 11.83, P=0.0080, Kruskal-415 

Wallis test, n=10-15 neurons, N=6 mice). To identify the origin of NO, DRG neurons 416 

were pre-incubated with either NPL, a neuronal nitric oxide synthase (nNOS) inhibitor 417 

or L-NIL, an inducible NOS (iNOS) inhibitor. NPL (100 nM) blocked the inhibitory 418 

effect of combined HU-210 and DAMGO on DRG neuron excitability (Fig. 5B, F(5, 65) 419 

= 3.653, P=0.0056, one-way ANOVA with Bonferroni test, n=10-14 neurons, N=6 420 

mice). Although pre-treatment with L-NIL (10 µM) reduced the effect of the mix 421 

compared to the mix alone (105.8±9.9 vs. 80.7±5.5 pA P=0.1231, n=11-14 neurons, 422 

N=6 mice), this was not statistically significant. Similarly, NPL (100 nM) significantly 423 

reduced the inhibitory effect of the mix of HU-210 and DAMGO on colonic afferent 424 
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nerve mechanosensitivity (Fig. 5C, F(2, 26) = 10.55, P=0.0004, one-way ANOVA with 425 

Bonferroni test, n=8-11 units, N=5-9 mice), whereas L-NIL (10 µM) did not have a 426 

significant effect .  427 

 428 

Combination of sub-analgesic doses of CB1R and MOR agonists lacked side effects  429 

SpO2 and HR: Readings of SpO2 and HR were taken every 5 minutes beginning 10 430 

minutes prior to administration of CB1R and/or MOR agonists until 50 minutes after 431 

their administration. At analgesic doses, morphine (3 mg/kg) significantly decreased 432 

SpO2 while ACEA (3 mg/kg) and the ACEA-morphine mix (0.3 mg/kg each) had no 433 

effect (Fig. 6A, F(12, 36) = 5.869, P<0.0001, two-way RM ANOVA with Bonferroni 434 

test, N=5 mice each). Interestingly, ACEA increased HR while morphine decreased HR, 435 

but the ACEA-morphine mix had no effect (P>0.9999 for all time points) (Fig. 6B, F(2, 436 

6) = 19.75, P=0.0023, two-way RM ANOVA with Bonferroni test, N=5 mice each).  437 

Locomotion: Mice were placed in the open-field box for 10 minutes to assess their 438 

locomotion. At analgesic doses, morphine (3 mg/kg), ACEA (3 mg/kg) and the ACEA-439 

morphine mix (0.3 mg/kg each), had no effect on distance travelled (F(3, 12) = 2.022, 440 

P=0.1646), mean speed with resting (F(3, 12) = 2.032, P=0.1631) and mean speed 441 

without resting (F(3, 12) = 0.6936, P=0.5734) (Fig. 6C-E, G, one-way RM ANOVA 442 

with Bonferroni test, N=5 mice for all).  443 

Pelleting: Mouse fecal pellets expelled over 90 minutes were counted in a clean cage, 444 

without bedding, to assess gastrointestinal motility following administration of 445 

analgesic doses of morphine (3 mg/kg), ACEA (3 mg/kg), the ACEA-morphine mix 446 
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(0.3 mg/kg each), or a vehicle control. Morphine significantly reduced pelleting 447 

(P=0.0104), while ACEA (P=0.5243) and the ACEA-morphine mix (P>0.9999) had no 448 

effect compared to vehicle (Fig. 6F, F(3, 12) = 9.053, P=0.0021, one-way RM ANOVA 449 

with Bonferroni test, N=5 mice each).  450 

451 
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Discussion  452 

Opioid-associated side effects and mortality highlight the need for better pain 453 

management strategies. The recent legalization of cannabis in some countries will likely 454 

increase the number of patients using cannabis as an alternative or adjunct to opioids, 455 

despite a lack of evidence, particularly for visceral pain. This study evaluated the effect 456 

of cannabinoids alone or in combination with opioids on colonic nociceptive signaling 457 

using both in vivo as well as in vitro techniques. We demonstrated that CB1R, but not 458 

CB2R, activation in mice decreased VMR to colorectal distention. Our findings that 459 

CB1R agonists reduce colonic afferent nerve mechanosensitivity and DRG neuronal 460 

excitability suggest that the reduction in visceral pain in vivo by activation of CB1R 461 

occurs, at least in part, at the level of the nerves innervating the colon. Importantly, 462 

combining CB1R and MOR agonists at sub-analgesic doses/concentrations attenuated 463 

colonic nociceptive signaling both acutely and after chronic treatment, while avoiding 464 

side effects caused by a higher, analgesic dose of morphine. We further explored the 465 

mechanisms underlying the synergy of cannabinoids and opioids, and our findings 466 

suggest that NO signaling may be involved. 467 

 468 

There is a critical knowledge gap regarding the peripheral actions of cannabinoids on 469 

extrinsic afferent nerves innervating the GI tract, as most previous studies used in vivo 470 

techniques, where actions may be contaminated by central behavioral effects, or non-471 

selective agonists. We therefore examined the effects of specific CB1R and CB2R 472 

agonists on colonic nociceptive signaling using three complementary approaches: in 473 

vivo measure of visceral pain, recordings of afferent nerves with terminals in the gut 474 
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wall, and recordings from the cell bodies of these neurons that reside in the DRG. We 475 

found that CB1R, but not CB2R, agonists attenuated VMR, colonic afferent nerve 476 

mechanosensitivity and DRG neuronal excitability in healthy mice. This finding 477 

provides strong evidence that peripheral CB1R activation reduces visceral pain. Some 478 

peripherally restricted CB1R agonists have been developed to produce analgesic effects 479 

on neuropathic pain conditions with reduced CNS-mediated side effects(Hossain et al., 480 

2020), and these agonists may have potential to manage visceral pain. A recent study 481 

demonstrated that olorinab, a selective CB2R agonist, did not alter VMR and colonic 482 

afferent mechanosensitivity in healthy mice, but significantly reduced nociception in 483 

mice with trinitrobenzene sulfonic acid (TNBS) colitis and post-TNBS chronic visceral 484 

hypersensitivity(Castro et al., 2021). Since TNBS colitis did not change CB2R 485 

expression, this study suggests that inflammation upregulates the function of CB2R in 486 

visceral pain pathways.  Interestingly, we found the CB2R agonist HU-308 had a 487 

tendency to increase the VMR and had an excitatory effect in DRG neuron excitability 488 

at a higher concentration, while it had no effect on colonic afferent nerve 489 

mechanosensitivity. Another study showed that the endocannabinoid anandamide had 490 

concentration-dependent biphasic effects on tension-sensitive vagal afferents: low 491 

concentrations had an inhibitory effect mediated by Gαi/o and protein kinase A (PKA), 492 

whereas high concentrations displayed an excitatory effect mediated by Gαq and protein 493 

kinase C(Christie et al., 2020). However, this study only investigated the involvement 494 

of CB1R. We did not observe an excitatory effect on DRG neurons with the other 495 

CB2R agonist JWH-133. Taken with the findings of the lack of effect of olorinab on 496 

VMR in healthy mice(Castro et al., 2021), this may suggest a non-specific excitatory 497 

effect of HU-308 rather than increased neuronal excitability via CB2R activation. Taken 498 
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together, this suggests that activation of CB1R but not CB2R has analgesic effects in the 499 

non-inflamed gut, but this may be altered in the presence of inflammation. 500 

 501 

Although several studies have documented synergistic interactions of cannabinoids and 502 

opioids in somatic pain models, it was unknown whether this synergy applies to visceral 503 

pain and whether it occurs in the periphery (i.e., GI tract), independent of actions of 504 

either agonist in the CNS. Our data demonstrated that combined CB1R and MOR 505 

agonists at sub-analgesic doses/concentrations inhibited visceral pain in vivo and 506 

decreased colonic afferent nerve mechanosensitivity and DRG neuron excitability in 507 

vitro. Although we cannot completely exclude any central actions of the low dose 508 

combination in vivo, our data suggests that their synergistic actions reduce visceral 509 

nociception at peripheral nerve terminals. Importantly, we found that a chronic 510 

treatment with this combination did not result in tolerance during the given treatment 511 

period, although it may be necessary to assess longer treatment periods in future studies. 512 

Thus, this synergy may have great clinical significance to reduce the opioid dose 513 

required for analgesia and associated side effects and tolerance. Some clinical studies in 514 

chronic pain have suggested that combining cannabinoids and opioids may enhance 515 

analgesia. A small-scale clinical trial suggested that combined treatment with opioids 516 

and vaporized cannabis enhanced the relief of chronic pain more than the opioid alone 517 

(Abrams et al., 2011). Additionally, delta-9-tetrahydrocannabinol (Δ9-THC) resulted in 518 

additional analgesia among patients taking opioids for chronic non-cancer pain(Narang 519 

et al., 2008). A recent phase II clinical trial evaluated the analgesic effect of oral 520 

hydromorphone combined with several oral doses of Δ9-THC; the analgesic effect of 521 
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hydromorphone was enhanced by the lowest dose of Δ9-THC, although a consistent 522 

dose-effect relationship across different pain tests was not observed(Dunn et al., 2021). 523 

In contrast, another study found that Δ9-THC did not reduce the need for the opioid 524 

piritramide during the 2 days after surgery(Seeling et al., 2006). To our knowledge, 525 

there are no clinical studies that have examined combining sub-analgesic doses of 526 

cannabinoids and opioids to reduce visceral pain. Based on our findings, future clinical 527 

studies should examine the ability of cannabinoids to reduce opioid doses used to treat 528 

visceral pain. 529 

 530 

The mechanisms underlying the synergistic actions of sub-analgesic cannabinoids and 531 

opioids are unclear but there is evidence suggesting both paracrine and intracellular 532 

signaling pathways.  In our study, we examined the potential paracrine actions of nitric 533 

oxide signaling as a first step, given the evidence that both cannabinoids and opioids 534 

inhibit nociception via NO signaling(Stefano et al., 1995; Stefano et al., 1996; Reis et 535 

al., 2009; Hervera et al., 2011). In our study, we demonstrated that inhibition of NO-536 

sensitive guanylyl cyclase and nNOS, and to a minor degree iNOS, inhibited the 537 

synergy of CB1R and MOR, suggesting nNOS is an important player in this synergy. 538 

nNOS is expressed by 20-50% of DRG neurons in the lower thoracic and upper lumbar 539 

levels(Kolesar et al., 2017), and in addition, glial cells may be another source of nNOS 540 

(Anneser et al., 2001). In the colon, nNOS immunoactivity can be detected in nerve 541 

fibers, enteric neurons, and smooth muscle (Spencer, 2013; Jo et al., 2014). Although 542 

future studies should identify the source of nNOS-derived NO, these findings provide 543 

novel insights into a mechanism underlying the synergy of cannabinoids and opioids. In 544 
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addition to NO, endogenous opioids and cannabinoids also act in a neuromodulatory 545 

and paracrine manner to mediate analgesic functions. For example, exogenous 546 

cannabinoids induce release of endogenous opioids to inhibit nociception and vice 547 

versa(Welch, 1993; Houser et al., 2000; Pacheco et al., 2009; Negrete et al., 2011). 548 

Furthermore, we cannot rule out the contributions of intracellular signaling convergence, 549 

although its contribution is less clear given the dependence on receptor co-localization 550 

within the same DRG neurons. We observed that 80% of colonic afferent nerves were 551 

inhibited by the sub-analgesic combination, which we estimated to be much higher than 552 

receptor co-localization on the same neuron as expression of either receptor alone on 553 

DRG neurons is only as high as approximately 30-40%(Binzen et al., 2006; Veress et al., 554 

2013; Guerrero-Alba et al., 2018), although this could be an underrepresentation 555 

depending on sensitivity of the antibody. Thus, future studies should investigate both 556 

intracellular mechanisms of this synergy and the involvement of endogenous 557 

cannabinoids and opioids.  558 

 559 

Opioids produce a variety of side effects including sedation, nausea, constipation, 560 

respiratory depression(Elikkottil et al., 2009). Cannabinoids also cause a range of side 561 

effects including disruption of motor control, catalepsy, immobility and cognitive 562 

impairment(Kazantzis et al., 2016). We tested indicators of three common side effects 563 

of opioids (blood oxygen saturation, locomotion, and defecation) after acute treatment 564 

of analgesic doses morphine or ACEA alone or the combination of the two at sub-565 

analgesic doses. Morphine alone significantly decreased oxygen saturation, heart rate, 566 

and defecation rate. While the analgesic dose of ACEA only increased the heart rate, 567 



 

  

28

28

other studies suggest that cannabinoids either unalter or decrease oxygen saturation and 568 

heart rate(Abdallah et al., 2018). Some mice also appeared to exhibit reduced 569 

locomotion after morphine treatment but there was no significant change overall. This 570 

may be due to the biphasic effect of morphine on locomotion, with high doses 571 

increasing and low doses decreasing locomotion (Heidari et al., 2006; Zarrindast et al., 572 

2007). Importantly, we demonstrated that sub-analgesic doses of morphine and ACEA 573 

in combination achieved a comparable analgesic effect to morphine alone at a higher 574 

dose without inducing any of the side effects tested.  575 

 576 

In conclusion, the current study has not only shown a peripheral analgesic action of 577 

CB1R agonists in the GI tract but importantly that combined sub-analgesic doses of 578 

CB1R agonists and opioids have similar effects to analgesic doses of opioids. Moreover, 579 

the combination appears to lack the side effects commonly seen with opioid analgesics. 580 

These studies could set the stage for clinical trials to examine this combination in 581 

patients suffering from abdominal pain as a strategy for opioid dose minimization.   582 

583 
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Data transparency statement 584 

All the relevant data generated and analysed during the current study are available upon 585 

reasonable request to the corresponding author.  586 

Abbreviations 587 

ACEA (arachidonyl-2'-chloroethylamide), cAMP (cyclic adenosine monophosphate), 588 

CB1R (cannabinoid 1 receptor), CB2R (cannabinoid 2 receptor), CRD (colorectal 589 

distention), Δ9-THC (delta-9-tetrahydrocannabinol), DRG (dorsal root ganglion), ERK 590 

(extracellular signal-regulated kinase), GI (gastrointestinal), HR (heart rate), iNOS 591 

(inducible nitric oxide synthase), i.p. (intraperitoneal), MOR (mu-opioid receptor), 592 

nNOS (neuronal nitric oxide synthase), NO (nitric oxide), NPL (Nω-Propyl-L-Arginine), 593 

ODQ (1H-[1,2,4]Oxadiazolo[4,3-a]quinoxalin-1-one), SpO2  (oxygen saturation), PKA 594 

(protein kinase A), TNBS (trinitrobenzene sulfonic acid), VMR (visceromotor response).  595 
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Figure legends 760 

Figure 1: CB1R agonists ACEA and HU-210 dose-dependently reduced VMR, colonic afferent 761 

nerve mechanosensitivity and DRG neuronal excitability. (A) A representative recording showing the 762 

effect of ACEA (3 mg/kg) on EMG activity to CRD (10s, 80µL). (B) ACEA dose-dependently reduces 763 

VMR to CRD (N=7). (C) A representative recording showing the effect of ACEA (10 µM) on colonic 764 

afferent nerve responses to probing with a 1g von Frey filament. (D) ACEA (1 µM and 10 µM) 765 

significantly reduced colonic mechanosensitivity to probing (1 µM: P=0.0494, 10 µM: P=0.0202), while 766 

a lower concentration (100 nM) had no effect (n=8-10). (E) HU-210 (1 µM) significantly reduced colonic 767 

mechanosensitivity to probing with von Frey filament (P=0.0046), while lower concentrations (10 nM 768 

and 100 nM) had no effect (P>0.9999 for both). (F) Representative recordings showing the effect of 769 

HU210 on DRG neuron excitability. HU-210 (1 µM and 10 µM) increased the rheobase (i.e., decrease 770 

excitability) of DRG neurons (1 µM: P=0.044, 10 µM: P=0.0047) (G) and this effect was blocked by 771 

AM-251 (P=0.0058) (H).   772 

Figure 2: CB2R agonists had no analgesic effect in mice. (A) HU-308 did not reduce VMR to CRD. (B) 773 

HU-308 did not alter colonic afferent nerve mechanosensitivity to probing (1 µM: F(3, 24) = 0.0908, 774 

P=0.9644, 10 µM: F(3, 28) = 0.1098, P=0.9537, one-way RM ANOVA with Bonferroni test, N=5-6 mice 775 

for each). (C) Similarly, JWH-133 did not alter colonic mechanosensitivity to probing (1 µM: F(3, 24) = 776 

1.617, P=0.2117, 10 µM: F(3, 27) =0.3189, P=0.8116, one-way RM ANOVA with Bonferroni test, N=5-777 

6 mice for each). (D) Incubation with HU-308 (100 nM & 1 µM) did not significantly alter excitability of 778 

DRG neurons (100 nM: P>0.9999, 1 µM: P>0.9999), but 10 µM HU-308 decreased the rheobase (i.e., 779 

increased excitability; P=0.0021). (E) JWH-133 did not change rheobase of DRG neurons (100 nM: 780 

P>0.9999, 1 µM: P>0.9999, 10 µM: P=0.4666). 781 

Figure 3: Combination of sub-analgesic dose of CB1R and MOR agonists reduced nociception. (A) 782 

Morphine (0.3 mg/kg) did not reduce VMR, while a higher dose (3 mg/kg) significantly reduced VMR to 783 

CRD (60 µL: P=0.0014; 80 µL: P<0.0001) (B) A combination of ACEA and morphine at sub-analgesic 784 

doses (0.3 mg/kg each) significantly reduced VMR to CRD (40 µL: P=0.0166, 60 µL: P=0.0023, 80 µL: 785 

P<0.0001). (C) A chronic treatment with this ACEA-morphine mix for 6 days given twice daily did not 786 

change its inhibitory effect on VMR. (D) In male mice, when superfused alone, HU-210 (100 nM) and 787 
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the MOR agonist DAMGO (1 nM) had no effect on colonic mechanosensitivity. When superfused 788 

together, they significantly inhibited colonic mechanosensitivity to probing (P=0.0002). (E) Similarly, 789 

when HU-210 (100 nM) and DAMGO (1 nM) were applied alone there was no change in DRG neuronal 790 

excitability. However, the combination of the two agonists significantly decreased DRG neuronal 791 

excitability (P=0.0389). (F) In female mice, independent superfusion of ACEA (100 nM) and DAMGO (1 792 

nM) had no effect on colonic mechanosensitivity in afferent nerve recordings. When superfused together, 793 

they significantly inhibited colonic mechanosensitivity to probing (P=0.0007). (G) In retrogradely labeled 794 

colon projecting DRG neurons from female mice, when low concentrations of HU-210 (100 nM) and 795 

DAMGO (1 nM) were applied alone, there was no change in neuronal excitability. However, the 796 

combination of the two agonists significantly decreased DRG neuronal excitability (P=0.0009).  797 

Figure 4: Combination of CB2R and MOR agonists had no effect on nociception. (A) A combination 798 

of HU-308 (1 µM) and DAMGO (1 nM) did not reduce colonic mechanosensitivity (P=0.7043), or DRG 799 

neuron excitability (B, P=0.4098). (C) Similarly, combining JWH-133 (1 µM) and DAMGO (1 nM) had 800 

no effect on colonic mechanosensitivity (P=0.5923), nor DRG neuron excitability (D, P=0.8424). 801 

Figure 5: The synergy of CB1R and MOR was mediated via NO. (A) The inhibitory effect of the mix 802 

of HU-210 and DAMGO on DRG neuron excitability was reversed by ODQ (P=0.0155) (B) The 803 

inhibitory effect of the mix on DRG neuron excitability was attenuated by pre-incubation with NPL 804 

(P=0.0012). The effect of L-NIL was not significant (P=0.1231). (C) In colonic afferent nerve recordings, 805 

the inhibitory effect of the mix was reduced by NPL (P=0.0003) but not L-NIL (P=0.9695).  806 

Figure 6: Evaluation of side effects of analgesic doses of CB1R agonist, MOR agonist and sub-807 

analgesic doses of CB1R-MOR agonists in combination. (A) Morphine (3 mg/kg) significantly reduced 808 

oxygen saturation from 10-50 minutes after injection, while ACEA (0.3 mg/kg) or the ACEA-morphine 809 

mix (0.3 mg/kg each) had no effect (N=5). (B) ACEA significantly increased HR, while morphine 810 

significantly decreased HR, after injection; the ACEA-morphine mix had no effect (N=5). Asterisks in 811 

panel A&B indicate significant differences compared to time 0. (C–D) Morphine, ACEA or the ACEA-812 

morphine mix had no effect on locomotion after injection. (F) Morphine significantly reduced pelleting in 813 

mice, compared to vehicle (P=0.0104), while neither ACEA nor the ACEA-morphine mix altered 814 
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pelleting over 90 minutes (N=5). (G) The movement patterns of mice did not differ between vehicle or 815 

treatment groups (N=5).   816 














